Spin anisotropy of the resonance in superconducting FeSen.sTen.s 
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We have used polarized-neutron inelastic scattering to resolve the spin fluctuations in supercon- 
ducting FeSeo.sTeo.5 into components parallel and perpendicular to the layers. A spin resonance at 
an energy of 6.5 meV is observed to develop below T c in both fluctuation components. The resonance 
peak is anisotropic, with the in-plane component slightly larger than the out-of-plane component. 
Away from the resonance peak the magnetic fluctuations are isotropic in the energy range studied. 
The results are consistent with a dominant singlet pairing state with s symmetry, with a possible 
minority component of different symmetry. 

PACS numbers: 74.70.Xa, 78.70.Nx, 74.25.Ha 



The discovery of superconductivity in iron pnictides 
and chalcogcnidcs with transition temperatures T c up 
to 55 K has prompted comparisons with the high-T c 
copper-oxide superconductors [3-0| . In common with the 
cuprates, the phase diagram of the Fe-based supercon- 
ductors shows a suppression of static magnetic order and 
the emergence of superconductivity with doping. Also 
like the cuprates, a spin resonance develops below T c in 
the magnetic spectrum of the Fe-based superconductors 
as measured by inelastic neutron scattering [3-floj]. The 
existence of a superconductivity-induced spin resonance 
peak has been shown to relate to the superconducting 
pairing state and gap symmetry [111 . 1 1 21 ] . 



Among the Fe-based superconductors, the iron chalco- 
genides FeySe^Tei-z have the simplest crystal structure 
(space group PA/nmm, room temperature lattice param- 
eters a = b « 3.8 A, c w 6.1 A [l3|). This, together with 
the availability of large single crystals, makes them at- 
tractive for fundamental studies. Antifcrromagnetic or- 
der characteristic of the parent compound Fei+yTe per- 
sists up to x ~ 0.1, after which short-range magnetic 
order and partial superconductivity coexist for concen- 
trations x < 0.5 [14j |. Bulk superconductivity is reported 
for x > 0.4 with a maximum T c sa 15 K at x ~ 0.5 [l3j |. 

Inelastic neutron scattering experiments have shown 
that the spin fluctuations in FeySe^Tei-z extend up to 
250 meV [l5j. A spin resonance is observed to develop 
below T c at an energy of 6.5 meV, centered on wave vec- 
tors of the form Q = (0.5,0.5,0 [MSGS- The reso- 
nance peak is quasi-two-dimensional, which means that 
it varies only weakly with the out-of-plane wavevector 
component I Q- The position of the resonance peak in 
momentum space carries information about the symme- 
try of the superconducting state. For example, for singlet 



pairing, the BCS coherence factor enhances the neutron 
response function when the superconducting gap changes 
sign between the points on the Fermi surface connected 
by Qo I n hon-based superconductors, the singlet s^ 1 
pairing state flil ] is consistent with many experimental 
results including the existence of a spin resonance at Qo 
However, a spin resonance at Qo is not particular to 
s . It is also predicted, for example, for certain triplet 
p-wave states [l2j. 

Until now, inelastic neutron scattering measurements 
on FeySe^Tei-a; were performed with an unpolarizcd 
neutron beam. However, certain superconducting gap 
functions can result in aniso trop ic spin susceptibilities 
at the resonance energy 12j, [l9(. In this Rapid Com- 



munication, we report the results of polarized-neutron 
inelastic scattering measurements on FeSeo.sTeo.5 which 
determine the anisotropy of the imaginary part of the 
dynamical susceptibility x"(Q) w )- We find that the res- 
onance peak exhibits a spin anisotropy such that the in- 
plane component Xat(Qo) w ) i s larger by about 20% than 
the out-of-plane component x" (Qoj w )- This is consistent 
with a dominant singlet superconducting ground state 
with symmetry, and contrasts with a recent polarized- 
neutron scattering study of BaFe1.9Nio.1As2 which re- 
vealed a highly anisotropic spin resonance peak appear- 
ing only in the in-plane response poj . 

The single crystal sample of nominal composition 
of FeSeo flTe n 5 was grown by the modified Bridgman 
method [2l|, [22|. Analysis of pulverized crystals from 
the same batch by x-ray powder diffraction revealed a 
composition Fe1.045Seo.406Teo.594 with traces of Fe7Ses 
(5% volume fraction) and Fe (< 1%) as impurity phases 
22 1 . In a previous study [§] we performed magnetometry 
measurements on a piece of the same crystal and found 
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bulk superconductivity below T c = 14 K. The neutron 
scattering sample was rod-shaped and had a mass of ap- 
proximately 5 g. The mosaic spread in the afr-plane was 
found to be 1.5° (full- width at half- maximum). 

The inelastic neutron scattering measurements were 
carried out on the IN22 triple-axis spectrometer at the 
Institut Laue-Langevin. The crystal was aligned with 
the c axis perpendicular to the scattering plane and 
mounted in an ILL-type orange cryostat. The spec- 
trometer was operated with a fixed final wavevector of 
fcf = 2.66 A -1 and without collimation. A graphite fil- 
ter was installed in the scattered beam to suppress con- 
tamination by higher-order wavelengths. The analyzer 
was horizontally-focused to increase intensity. The cor- 
responding energy resolution with this setup is approxi- 
mately 0.8 meV at the elastic position. Longitudinal po- 
larisation analysis was performed with the Cryopad de- 
vice (23| . Cryopad is designed such that the sample is 
in a zero magnetic-field environment, and the incident 
and final neutron polarization states are controlled with 
nutation and precession fields which are decoupled by su- 
perconducting Nb shielding. With a Hcuslcr monochro- 
mator and analyzer the effective flipping ratio was about 
10 as measured on the (110) structural Bragg peak. No 
corrections were made to compensate for the non-ideal 
polarization. 

In total, six neutron cross-sections were measured, de- 
noted by a(x,±x), a(y,±y) and a(z,±z). The coordi- 
nate x is taken along the scattering vector Q, z is per- 
pendicular to the scattering plane (here z || c) and y 
completes the right-handed Cartesian system — Fig. [T] 
The two indices in a refer to the direction of the neutron 
polarization before and after the sample, respectively 

The crystal structure of FeSeo.sTeo.s is tetragonal and 
so in general x' a 'b(Q,w) can be different from x"(Q,u;). 
Longitudinal polarization analysis allows a complete sep- 
aration of x" b (Q,u;) and x"(Q,w) because of two prop- 
erties of the magnetic scattering cross-section: (1) neu- 
trons only scatter from spin fluctuations perpendicular 
to Q, and (2) spin fluctuations perpendicular to the inci- 
dent neutron polarization P; scatter in the spin-flip (SF) 
channel, while spin fluctuations parallel Pi scatter in the 
non-spin-flip (NSF) channel. With the geometry chosen 
for the present measurements the SF cross-sections are 
given by [24| 



a(x, -x) oc x'ab + Xc + B 
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and the NSF cross-sections 
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FIG. 1. (Color online) Diagram representing the axis conven- 
tion used in this work. The scattering vector Q defines the 
a;-axis, which in our experiment is always parallel to the ab 
plane. Only the magnetic fluctuations perpendicular to Q are 
observed. The incident polarization vector Pj = (P x ,P y ,Pz) 
is spin-flipped by the magnetic fluctuation component perpen- 
dicular to both Q and Pi. Components of the magnetic fluc- 
tuations which are perpendicular to Q but not Pj appear in 
the non-spin-flip channel. Hence, a separation of the in-plane 
and out-of-plane susceptibilities x'abiQ^) an d Xc'(Q,<^) can 
be achieved. 
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FIG. 2. (Color online) (a) Energy scans at Q = (0.5, 0.5, 0) 
showing the SF channels which contain the magnetic scatter- 
ing and the cr(x, x) NSF channel which contains non-magnetic 
scattering. Lines are visual guides, (b) Wavevector scans 
along (h, 1 — h, 0) at energies of 3 to 12meV (displaced ver- 
tically) showing the cr(x, —x) SF scattering. Solid lines show 
least-squares fits to the spectra assuming a Gaussian line- 
shape. Data in both (a) and (b) were recorded at a tempera- 
ture of 2 K. 



where N refers to the coherent nuclear cross-section, and 
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B SF and B NSF are the SF and NSF backgrounds. To 
simplify the notation we omit the explicit dependence 
on Q and uj from now on. These scattering processes 
are represented in Fig. [TJ The background was found 
to be independent of the polarization in the SF cross- 
sections to within experimental error from measurements 
at Q ps (0.1,0.9,0) and E ps 6meV. 

Figure [2ja) shows energy scans performed at Q = 
(0.5,0.5,0) in the three SF channels and in the a(x, x) 
NSF channel. The intensity in the a(x, x) channel is 
significant, highlighting the importance of using polar- 
ized neutron scattering to separate the nuclear contri- 
bution from the magnetic signal. From Eq. Q] the 
cr(x, —x) cross-section contains the total magnetic scat- 
tering. The scattering in this channel contains a peak at 
hujQ ps 6.5 meV, corresponding to the spin resonance pre- 
viously reported by unpolarized inelastic neutron scat- 
tering measurements in compounds of similar composi- 
tion |7l-[lol llil ]. Figure (2Kb) shows the a(x, —x) cross- 
section in wavevector scans along (h, 1 — h, 0) at selected 
energies. At 3meV only a flat background is evident. 
Above the resonance energy, steeply-rising incommensu- 
rate magnetic excitations are observed. Our results are 
consistent with unpolarized neutron scattering measure- 
ments on FcSeo.5Teo.5j Rcfs. Sand QS 

The cr(y, —y) and cr(z, —z) SF channels, shown in 
Fig. GJa), contain the magnetic scattering from out-of- 
plane and in-plane fluctuations, respectively — see Eq.[T] 
The signal in these channels is very similar through- 
out the energy range measured, both channels having 
a peak at the resonance energy. A small but statisti- 
cally significant difference is observed between a(y, —y) 
and cr(z, — z) on the resonance peak itself. Using Eq. Q] 
we can eliminate the background contribution and sep- 
arate the in-plane and out-of-plane components of mag- 
netic scattering: x'ab x a ( x ' ~ x ) ~ a {yi ~V) ano - Xc rx 
a(x, —x) — cr(z, —z). Figure Eta) shows the result of this 
procedure. The resonance peak appears at the same en- 
ergy to within an experimental error of 1 meV in both x'ab 
and x'c- The peak is slightly larger in x'ab- Either side of 
the spin resonance energy the intensity is approximately 
the same for both channels. 

The similarity between the x'Lb ano - Xc components is 
emphasized in the color maps shown in Fig. E^b) and 
(c), which show the intensity distribution as a function 
of energy and wavevector along (h, 1 — h,0). The data 
plotted in these maps are the a(y, —y) and a(z, —z) 
cross-sections, which contain the x' c ' an d Xab fluctua- 
tions, respectively. The overall conclusion from all the 
T = 2 K data is that the low-energy spin fluctuations in 
FeSeo.5Teo.5 are isotropic (x'ab ~ Xc) to within experi- 
mental error, except on the resonance peak itself where 
Xab is approximately 20% larger than x'c- 

Figure |4] presents the results of measurements of 
the temperature dependence of the magnetic fluctua- 
tions at Q = (0.5,0.5,0) in FeSeo.5Teo.5- Here we 
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FIG. 3. (Color online) (a) Comparison of the scattering from 
in-plane (x'ab) an d out-of-plane (x'c) magnetic fluctuations in 
FeSeo.sTeo.s. Solid lines through the data points are guides to 
the eye. (b) and (c) Intensity maps showing the cross-sections 
<j(y, —y) and a(z, —2), which contain x'c an d Xabi respectively. 
All the data in this figure were recorded at T = 2K. 



show data obtained from the cr(x, —x) cross-section, 
which from Eq. JT]) is proportional to XablQo,^) + 
Xc(Qo)^)- Because the measured intensity is propor- 
tional to x"(Q,u;)/[l — cxp(— Huj/ksT)] we have mul- 
tiplied the intensity by 1 — exp(— hui/k^T) to compare 
susceptibilities at different temperatures. We see that 
the resonance peak disappears above T c = 14 K, while 
at higher energies the susceptibility remains essentially 
unchanged. At 16 K we also observe an increased re- 
sponse below the spin gap. Figure HKb) shows the tem- 
perature evolution of the cr(x, —x) cross-section for tem- 
peratures from 2 to 13 K. A scan measured at 16 K (above 
T c ) was subtracted to isolate the spin resonance contri- 
bution. Upon warming, the intensity of the spin reso- 
nance shows little change up to 9K. When the temper- 
ature approaches T c , the spectral weight diminishes and 
the spin-gap is gradually filled. Another notable feature 
is that the spin resonance does not shift to lower ener- 
gies with increasing temperature, as one might expect if 
the spin resonance were simply caused by a gap which 
closes at T c with temperature. From our measurements 
we conclude that the position and the energy width of 
the spin resonance are temperature independent up to at 
least ~ 0.8T C . The lack of softening of the resonance en- 
ergy with increasing temperature has also been found in 
FeSeo.4.Teo.6 0- Figure UJc) shows the evolution of the 
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FIG. 4. (Color online) Temperature dependence of the 
spin resonance in FeSeo.sTeo.5. (a) Energy scans at Qo = 
(0.5,0.5,0) showing X " = Xab + Xc at 2K and 16 K. The 
shaded region highlights the change in the spectrum with 
temperature, (b) Energy scans at Qo for a series of tem- 
peratures from 2 to 13 K. The scans are displaced vertically, 
(c) Integrated intensity of the resonance peak as a function of 
temperature. Data recorded at 16 K have been subtracted in 
panels (b) and (c). Solid lines are guides to the eye. 



integrated intensity of the spin resonance which behaves 
as an order parameter of the superconducting phase. In 
the vicinity of T c measurements with higher precision 
are needed to obtain a more quantitative estimate of the 
renormalization of the inelastic intensity than is available 
from the present experiment. 

The polarized-neutron data presented here go beyond 
what has hitherto been possible with unpolarized neutron 
scattering, and provide new insights into the magnetic 
excitations of FeSeo.sTeo.5. A superconducting wave- 
function with purely pairing state would result in 
an isotropic spin resonance peak (l2| . Our data sug- 
gests a small anisotropy, in the sense x" b > x" c - This 
small anisotropy cannot readily be explained by the usual 
anisotropic terms in the spin Hamiltonian since the mag- 
netic scattering is isotropic above and below the reso- 
nance peak. It is possible, therefore, that the supercon- 
ducting pairing function contains a minority component 
with a different symmetry. For example, a spin-triplet 
with sign-reversed p-wave gap is predicted to give a res- 
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onance in x" b , but not in x' c 

The relatively small anisotropy in the spin resonance of 
FeSen.5Teo.5, consistent with a dominant singlet-triplet 



excitation, is in stark contrast to the results of a study 
on BaFe1.9Nio.1As2, which revealed a highly anisotropic 
spin resonance with only the x'Lb component non-zero 
[201 ] . The results also differ from the spin-ladder system 
Sri4Cu2404i, which also has a resonance-like coherent 
singlet-triplet excitation [25[. Firstly, the anisotropy is 
in the opposite sense (in Sri4Cu2404i the out-of-plane 
fluctuations are stronger than the in-plane fluctuations) , 
and second, the anisotropy in Sri4Cu2404i is observed 
over a range of energies not just on the peak [26| . 

Recently, polarized-neutron scattering measurements 
have been performed on YBa 2 Cu 3 6+a; [27|, [H|. The 
spin resonance in YBa 2 Cu306.g at 40meV, correspond- 
ing to the odd-parity mode, was found to be quasi- 
isotropic to within the precision of the measurements. 
This implies that the resonance peak is predominantly 
a singlet-triplet excitation in both FeSco.sTeo.s and 
YBa2Cu306+x- Furthermore, the resonance peaks in 
these materials do not soften appreciably as the temper- 
ature is increased towards T c (sec Fig. |4] and Ref. l29l ) . 
These similarities suggest that the superconducting 
states in the cuprates and Fe-based superconductors have 
some general features in common. 
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